Background--Biomarkers were advocated as prognostic factors in patients undergoing transcatheter aortic valve intervention, with contradictory results concerning prognostic impact of troponin. Our aim was to assess the prognostic impact of preprocedural and postprocedural troponin in transcatheter aortic valve intervention.
T ranscatheter aortic valve intervention (TAVI) is an alternative to surgery in patients with severe aortic stenosis who are at high surgical risk or in patients for whom conventional aortic valve replacement is contraindicated. Indications were recently extended to patients at moderate surgical risk with Food and Drug Administration approval when the transfemoral approach is considered feasible after Heart Team discussion. 1 Patient selection and risk stratification are key elements for procedural success, but identifying which individuals benefit the most from the procedure remains challenging. 2, 3 In this context, several clinical, echocardiographic, and biological prognostic factors have been suggested to predict outcomes.
Among these, biomarkers were identified as potential prognostic factors. New generation high-sensitivity troponin T allows the detection of small increases in troponin levels and was proven to be an independent prognostic factor in patients with aortic stenosis. 4 In addition, preprocedural and postprocedural troponin levels are independent predictors of outcomes in patients undergoing surgical aortic valve replacement. 5, 6 With respect to the TAVI procedure, data from small series suggest that preprocedural high-sensitivity troponin T may be an independent prognostic factor of 1-month and 1-year mortality. 7, 8 Furthermore, myocardial injury after TAVI is frequent [8] [9] [10] and may be related to different factors such as valve positioning, rapid pacing, or calcium embolism. 9 The prognostic impact of postprocedural troponin (ie, myocardial injury) remains unclear, with contradictory data in small series. [8] [9] [10] More recently, a study determined that myocardial injury after TAVI depended on the type of device used but was not predictive of mortality.
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Taking all of these considerations together, assessing the prognostic value of preprocedural and postprocedural troponin in a large prospective cohort of patients may clarify the prognostic value of these parameters, improve risk stratification in patients undergoing TAVI, and ultimately improve periprocedural management.
The aim of this study was to assess the prognostic impact of preprocedural and postprocedural troponin in a large cohort of patients undergoing TAVI.
Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request.
Patient Population and Procedure
Preprocedural and postprocedural troponin measurements were prospectively collected in all patients undergoing TAVI in our center. We separated the total population in 3 roughly equal tertiles according to preprocedural troponin to compare clinical outcomes. We also assessed the impact of troponin rise (ie, the occurrence of myocardial injury) according to VARC-2 (Valve Academic Research Consortium) criteria. This is defined as troponin T elevations >15 times the upper reference limit of the center's troponin assay (in our center, 0.014 lg/L915=0.21 lg/L) and at least a 50% increase compared with preprocedural values. 12 A multidisciplinary heart team involving at least 1 interventional cardiologist and 1 cardiac surgeon discussed all cases, and consensus was achieved regarding therapeutic strategy. Patients underwent TAVI via the transfemoral, transaortic, transapical, subclavian, or carotid approach according to previously described techniques. 13, 14 All patients provided informed written consent for the procedure and data collection, and the local ethics committee approved the study.
Data Collection and Study End Points
High-sensitivity troponin T measurement was performed on the Cobas 8000/e602 analyzer (Roche Diagnostics) the day before and the day after the procedure in all included patients. The 99% upper reference limit for this kit is 0.014 lg/L. The total imprecision at the 99th percentile is <6.5%. The limit of detection of this assay is 0.005 lg/L. For patients requiring revascularization before TAVI, percutaneous coronary intervention (PCI) was performed at least 10 days before the valve intervention. Clinical and echocardiographic data at baseline and follow-up were prospectively collected by dedicated personnel and entered in a local database and national registries. 15, 16 The primary end point of this study was 1-year mortality. Secondary end points consisted of 30-day mortality, 3-year mortality, stroke, myocardial injury, new pacemaker implantation, major vascular complication, paravalvular regurgitation greater than mild, and acute kidney injury. End points were defined according to the VARC-2 criteria. 12 
Statistical Analysis
Patients were separated into 3 groups based on preprocedural troponin value. Preprocedural troponin ranged from 0.001 to 12.1 lg/L. Using the 33rd and 66th percentiles of preprocedural troponin, tertiles had the following ranges: tertile 1 (T1): 0.001 to 0.023 lg/L; tertile 2 (T2): 0.024 to 1.80 lg/L; and tertile 3 (T3): 1.80 to 12.1 lg/L.
One-year survival data were fitted in a Cox proportional hazards model and compared in a pairwise fashion for preprocedural troponin tertiles (ie, T1 versus T2, T1 versus T3, and T2 versus T3). Crude and adjusted hazard ratios (HRs) (with 95% CIs) are reported. HRs were adjusted (forward stepwise likelihood ratio) for procedure date (to account for a potential learning effect of time) and for baseline characteristics with a univariate P<0.10 for the outcome of 1-year mortality. The covariates that met this criterion and were included in the multivariate model are reported in Table 1 . The 1-year model was then extended to 3-year data as an exploratory analysis.
The effect of myocardial injury was assessed as follows: first, we added the myocardial injury variable to the abovementioned survival model to appreciate its effect. Next, we assessed for interaction of myocardial injury by preprocedural troponin tertile. Finally, as an exploratory analysis, we looked at the HR of myocardial injury in each tertile. Patients who underwent TAVI via the transapical access were excluded from these analyses, as the troponin rise might be less meaningful in that context. Finally, independent predictors of an elevated preprocedural troponin value were assessed by means of a multivariate linear regression model.
Continuous data are reported as meanAESD or median (interquartile range), and categorical variables are reported as number of patients and percentages. Categorical data were compared using chi-square test, and continuous data using 1-way ANOVA or the Kruskal-Wallis test, as appropriate. A P<0.05 was considered significant for adjusted models. Statistical analyses were performed with SPSS version 23 (IBM Corp).
Clinical Perspective
What Is New?
• Preprocedural troponin is an independent predictor of longterm mortality, as well as myocardial injury in patients with normal or near-normal preprocedural troponin levels.
What Are the Clinical Implications?
• Systematic troponin assessment is routinely feasible and may allow better risk stratification in patients undergoing transcatheter aortic valve intervention.
Results
Between March 2011 and September 2016, 1390 patients underwent TAVI in our center. The mean patient age was 83.4AE6.8 years, 52% were men, and mean Society of Thoracic Surgeons (STS) and logistic European System for Cardiac Operative Risk Evaluation (EuroScore) were 5.8AE4.0% and 17.3AE11.0%, respectively. Several baseline characteristics differed significantly between preprocedural troponin tertiles ( Table 2) . Patients in T1 (normal or near-normal troponin) were younger, more likely to be female, had less conduction disturbances such as atrial fibrillation or previous pacemaker, were less likely to have undergone previous PCI, and had less peripheral vascular disease (all P<0.05). With respect to paraclinical characteristics, patients in T1 had higher left ventricular ejection fraction and lower pulmonary artery pressure, better renal function, and lower NT-proBNP (N-terminal pro-B-type natriuretic peptide) levels (all P<0.05). Consequently, patients in T1 also had lower STS and logistic EuroScore (both P<0.001).
The distribution of the transfemoral and nontransfemoral approaches was similar among tertiles ( Table 3) . The use of self-expanding devices differed significantly, with T1 exhibiting the lowest percentage (T1: 26.3% versus T2: 31.9% versus T3: 35.8%, P=0.008). Device sizes were also significantly different among tertiles, with patients in T1 receiving smaller valves.
30-Day Clinical Outcomes
Procedural outcomes such as the need for a second device or annulus rupture were similar between tertiles (Table 3) . Thirty-day mortality was significantly different between tertiles, with patients in T1 displaying a mortality rate less than half of that in patients in the other tertiles (T1: 3.5% versus T2: 8.3% versus T3: 7.0%, P=0.007) ( Table 4) . Myocardial injury occurred significantly less in patients in T3 compared with the other groups (T1: 66.4% versus T2: 59.7% versus T3: 14.3%, P<0.001). Other clinical outcomes such as stroke, new pacemaker implantation, and major vascular complications were similar between preprocedural troponin tertiles.
Patients in T1 had lower rates of significant paravalvular leak (grade 2 or more) at 30 days (T1: 5.8% versus T2: 11.5% versus T3: 8.4%, P=0.01). Finally, acute kidney injury occurred twice as often in patients in T2 compared with the other groups (P=0.001).
One-Year Mortality
Median follow-up was 360 days. Mortality at 1 year was 18% in the overall cohort (Kaplan-Meier estimate). The mortality rate in T1 was half those of the other tertiles. (T1: 10.0% versus T2: 23.0% versus T3: 21.4%, log-rank P<0.001) (Figure 1 ). After multivariable adjustment, an elevated preprocedural troponin (Table 1) . No significant 1-year mortality differences were observed in T2 and T3 patients (adjusted P=0.43). The other significant independent predictors of mortality at 1 year were age, peripheral vascular disease, left ventricular ejection fraction, and glomerular filtration rate (all adjusted P<0.05). When using the same variables in an exploratory model with 3-year mortality data, results remained consistent, with patients in T1 still showing significantly lower mortality than their T2 and T3 counterparts (adjusted P=0.002 and 0.003, respectively) ( Figure 1 ). In a model including STS score and logistic EuroScore (as they integrate most preprocedural variables collected), in addition to preprocedural troponin tertiles, independent predictors of 1-year mortality were STS score (HR, 1.08 per 
Variables Associated With Elevated Preprocedural Troponin
Four independent predictors of elevated preprocedural troponin value were identified by means of multivariate linear regression: male sex (b=0.61 lg/L), atrial arrhythmia (atrial flutter of fibrillation) (b=0.38 lg/L), low glomerular filtration rate (b=0.06 lg/L per 5 mL/min per 1.73 m 2 decrement), and preprocedural NT-proBNP levels (b=0.05 lg/L per 100 pg/mL increment) (all adjusted P<0.01) ( Table 5 ).
Incremental Value of Myocardial Injury
Postprocedural troponin was assessed in patients with the nontransapical approach. Myocardial injury was an independent predictor of 1-year mortality in addition to the other preprocedural variables identified, with an HR of 1.69 (95% CI, 1.12-2.55; P=0.01). The P value for the interaction term of myocardial injury by troponin tertile was not statistically significant (0.18). However, in T1, patients with myocardial injury had a 1-year mortality rate more than 4 times higher than patients without myocardial injury (12.1% versus 2.8%, respectively; HR, 5.11 [adjusted P=0.03]) (Figure 2A ). This HR was considerably higher than that of the overall cohort and of the other tertiles (T2: HR, 1.41; and T3: HR, 1.08) ( Figure 2B and 2C). Patients with previous PCI had a trend for increased risk of myocardial injury (odds ratio, 1.32; P=0.065). 
Discussion
This study is the first large prospective registry describing the impact of both preprocedural and postprocedural highsensitivity troponin in patients undergoing TAVI with secondand third-generation devices. New data on the prognostic value of troponin in patients implanted with TAVI have emerged with 3 main findings:
1. Preprocedural troponin was associated with 30-day mortality and was an independent predictor of 1-year mortality; 2. Male sex, atrial fibrillation, low glomerular filtration rate, and preprocedural NT-proBNP levels were independent predictors of elevated preprocedural troponin; 3. Myocardial injury (ie, troponin rise) was independently predictive of 1-year mortality, and its effect may be more pronounced in patients with normal or near-normal preprocedural troponin.
Prognostic Impact of Preprocedural Troponin
In our study, preprocedural troponin was a strong predictor of mortality at 1 month and 1 year and remained a prognostic factor at 3 years after adjustment for potential confounding factors. These results are consistent with several small series recently published in the literature. Indeed, Frank et al 7 reported a series of 107 patients undergoing TAVI where preprocedural troponin was predictive of short-and long-term mortality in a population at higher surgical risk than our cohort of patients. More recently, these data were confirmed by K€ ohler et al, 8 who showed that, in a population of Sapien XT valve recipients, preprocedural troponin and NT-proBNP elevation were associated with increased 1-month mortality in 259 patients. Another study of high-sensitivity troponin T showed the same results in 201 patients implanted with both self-expandable and balloon-expandable prostheses, 17 as well as the study by Kofler et al. 18 The largest study on biomarkers included 847 patients undergoing TAVI. 19 The authors concluded that preprocedural troponin I was not predictive of 1-year mortality. These contradictory results may be explained by the use of standard troponin (not high-sensitivity troponin) in their study. We confirm here the prognostic value of preprocedural high-sensitivity troponin in a large cohort of patients and suggest the first data demonstrating persistent prognostic value of preprocedural troponin at 3 years. Preprocedural troponin is a biomarker able to predict 1-year mortality in patients undergoing TAVI, thus increasing the predictive value of routine predictors of mortality such as STS score and EuroScore. An elevated preprocedural troponin level may warrant closer postprocedural monitoring and follow-up.
Predictors of Elevated Preprocedural Troponin
Elevated baseline troponin levels may indicate myocardial damage, left ventricular hypertrophy, and advanced stages of cardiomyopathy, as well as other higher-risk profiles for clinical outcomes. 17, 20 In the present study, 4 independent predictors of preprocedural troponin value were identified: male sex, atrial arrhythmia, low glomerular filtration rate, and preprocedural NT-proBNP. A significant impact of PCI on pre-TAVI troponin values was unlikely as coronary intervention was performed at least 10 days before the TAVI procedure. Preprocedural NT-proBNP was found to be an independent predictor of elevated preprocedural troponin levels in 2 studies, 7, 8 reflecting myocyte stretch, neurohormonal activation, and myocardial hypoxia. 21 Chronic kidney failure was predictive of preprocedural troponin elevation in the study by K€ ohler et al 8 and in a transfemoral series. 17 Atrial arrhythmia and male sex were not correlated with preprocedural elevated troponin in patients undergoing TAVI in the literature. However, supraventricular tachycardia was described as being associated with elevated troponin baseline level and may be explained by an oxygen supply-demand mismatch defined as a type 2 myocardial infarction.
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In our study, several modifiable factors were identified as predictors of preprocedural troponin and may be the target of treatments with the purpose of improving the prognosis of patients undergoing TAVI. Indeed, heart failure reflected by NT-proBNP elevation and atrial arrhythmias may be managed before the procedure with diuretics and rhythm or heart rate control before the procedure, as well as renal function optimization.
Prognostic Impact of Postprocedural Troponin
Myocardial damage during TAVI, resulting in troponin elevation, could be caused by periprocedural conditions with a mismatch between myocardial oxygen supply and oxygen demand. 22 Several mechanisms can be responsible for this mismatch such as balloon valvuloplasty, acute aortic regurgitation, microembolism and temporary hypotension during rapid ventricular pacing, and gradual deployment of the bioprosthesis. 9 In our study, nearly half of the patients had myocardial injury according to the VARC-2 definition. 12 These data are consistent with recent literature. 8, 11 In the present study, myocardial injury was predictive of mortality, and potentially more so in patients with near-normal preprocedural troponin (T1). The prognostic impact of myocardial injury was demonstrated in several studies. In a study including 119 patients, myocardial injury after TAVI was predictive of 1-month mortality. 10 In a larger cohort including 577 patients, Koskinas et al 23 showed that myocardial injury after TAVI was strongly associated with 1-month mortality and remained associated after 2 years. However, contradictory results were found in the literature. In the study by K€ ohler et al 8 including
259 patients undergoing TAVI, postprocedural elevation of troponin (at days 3 and 7) was not predictive of 1-year mortality, while preprocedural troponin was predictive of survival. However, in this study, the proportion of patients with transapical approach was high (around one third) in comparison to our study cohort (4.5%). In a more recent study including 756 patients undergoing TAVI, myocardial injury assessed by high-sensitivity troponin T depended on the type of device used but was not predictive of 1-year mortality.
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Baseline troponin level was near normal in patients included in this study and the authors did not evaluate the prognostic value of myocardial injury according to preprocedural troponin level. Studies suggesting prognostic impact of myocardial injury included all patients undergoing TAVI regardless of access routes, which may explain these contradictory data compared with the study by Stundl et al 11 including 97% of patients with transfemoral access. Our study included two thirds of patients with transfemoral access, <5% of patients with transapical route, and 28.8% of patients with transcarotid and transaortic access route. The only variable that was associated with myocardial injury was previous PCI. Although the P value did not reach statistical significance, these patients may have a more important atherosclerosis burden leading to an increased risk of myocardial injury during the procedure. These data are consistent with an increased risk of myocardial injury after TAVI in patients with coronary artery disease as reported in the study by Koskinas et al. 23 Finally, the present study is the first of its kind to suggest that myocardial injury is more predictive of 1-year mortality in patients with near-normal preprocedural troponin. It may appear counterintuitive that troponin elevation in higher-risk patients (ie, those in T2 or T3) had less impact than in a lowerrisk group. It is plausible, however, that troponin elevation exerts its effect on mortality upon occurrence, regardless of whether this is before or after the procedure. For patients in T2 and T3, the elevation in troponin has occurred before the procedure, which placed these patients at increased risk. Any additional increase in troponin may not have had any further impact. In comparison, patients in T1 had normal or nearnormal troponin to start. In some, the procedure caused myocardial injury, increasing their risk of death, similarly to patients in T2 and T3. Those without myocardial injury had a 1-year mortality rate of 2.8%, whereas all of the other patients (ie, those with high troponin levels before the procedure and those who developed high troponin levels after the procedure) had a mortality rate >10%.
Study Limitations
The first limitation of this study is its single-center design, which limits the external validity of the findings. However, troponin measurements were performed on a single analyzer, which maximized reproducibility and avoided the use of inaccurate conversion factors to harmonize values from different centers. Second, only 1 preprocedural and 1 postprocedural troponin measurement were performed. Additional assays would have allowed for more refined analyses. However, many patients were discharged early, making multiple measurements impractical. Another limitation is the difference in prosthesis type between groups. Indeed, the use of self-expanding devices was significantly lower in patients in T1. This may be explained by the fact that, in our center, patients with lower risk profiles are less likely to receive a self-expanding valve, because they often present with less extensive valve calcifications. As there were more women in T1, device sizes were also significantly different among tertiles, with patients in T1 receiving smaller valves. However, these characteristics may not have impacted our findings. Another limitation was the use of VARC-2 criteria to define myocardial injury in the entire population. Indeed, this cutoff for troponin elevation may not be suitable for patients in T2 and T3 who have a higher preprocedural troponin level and may explain our findings concerning postprocedural troponin prognostic value, which was observed in patients in T1. The postprocedural troponin analysis suggesting an effect in T1 only should be considered hypothesis-generating as the P value for the interaction term was not statistically significant. However, the HRs differed considerably between tertiles and the interaction analysis may have been underpowered.
Conclusions
Preprocedural troponin is an independent predictor of longterm mortality after TAVI. Myocardial injury in patients with normal or near-normal preprocedural troponin is also a predictor of long-term events. Troponin assessment is simple and feasible in routine clinical practice and may improve risk stratification of patients undergoing TAVI. This may, in turn, improve patient selection and allow clinicians to better inform patients and their families about the risks of the procedure as they strive to reach an informed decision.
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